Background: Increased oxidative stress has been suggested as one of the underlying mechanisms in iodide excess-induced thyroid disease. Metallothioneins (MTs) are regarded as scavengers of reactive oxygen species (ROS) in oxidative stress. Our aim is to investigate the effects of propylthiouracil (PTU), a thyroid peroxidase inhibitor, perchlorate (KClO4), a competitive inhibitor of iodide transport, and thyroid stimulating hormone (TSH) on mitochondrial superoxide production instigated by high concentrations of iodide in the thyroids of MT-I/II knockout (MT-I/II KO) mice. Methods: Eight-week-old 129S7/SvEvBrd-Mt1 tm1Bri Mt2 tm1Bri /J (MT-I/II KO) mice and background-matched wild type (WT) mice were used. Results: By using a mitochondrial superoxide indicator (MitoSOX Red), lactate dehydrogenase (LDH) release, and methyl thiazolyl tetrazolium (MTT) assay, we demonstrated that the decreased relative viability and increased LDH release and mitochondrial superoxide production induced by potassium iodide (100 μM) can be relieved by 300 μM PTU, 30 μM KClO4, or 10 U/L TSH in the thyroid cell suspensions of both MT-I/II KO and WT mice (P<0.05). Compared to the WT mice, a significant decrease in the relative viability along with a significant increase in LDH release and mitochondrial superoxide production were detected in MT-I/II KO mice (P<0.05).
INTRODUCTION
Iodide is one of the main components in thyroid hormone synthesis. The biosynthesis of thyroid hormones involves the concentration of iodide in the thyroid, formation of hydrogen peroxide (H2O2), production of thyroglobulin, oxidation of iodide and tyrosine, and the reaction of enzymes and substrates within the cells. During the formation of H2O2, a process known to
METHODS

Reagents
MitoSOX Red was purchased from Invitrogen (Invitrogen Life Technologies, Carlsbad, CA, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (methyl thiazolyl tetrazolium [MTT] ), TSH, PTU, KClO4 and Coon's F12 medium were purchased from Sigma (Sigma-Aldrich, MO, USA). Fetal bovine serum (FBS) were purchased from GE Healthcare Life Sciences (Hyclone, UT, USA). Lactate dehydrogenase (LDH) release was measured using a cytotoxicity detection kit (LDH; Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). All other chemicals that made in China were of analytical grade.
Animals and thyroid cell suspension preparation
Eight-week-old 129S7/SvEvBrd-Mt1 tm1Bri Mt2 tm1Bri /J (MT-I/II KO) mice were ordered from Jackson Lab (NO. 002211, Jackson Lab, Bar Harbor, ME, USA) and background-matched WT mice were used. The thyroid glands were obtained after the mice were sacrificed. The glands from 8 mice were pooled and used for the preparation of the thyroid cell suspensions for each treatment. The fascia and connective tissue were removed. The thyroid tissue was cut into small pieces under sterile conditions, digested with 1 mg/mL of trypsin, and were oscillated for 40 minutes in a 37°C water bath. The thyroid cell suspensions were collected in a centrifuge tube and centrifuged at 800 rpm/ min for 10 minutes, after which the supernatant was removed. A cell suspension (5×10 4 cells/well) was incubated in Coon's F12 medium with 10% FBS at 37˚C in an atmosphere containing 5% CO2 and 95% air while being exposed to 100 μM potassium iodide (KI), with or without 30 μM KClO4, 300 μM PTU, and 10 U/L TSH for 2 hours. The group without KI was regarded as the control group. Animal procedures were approved by the Institutional Animal Care and Use Committee of Tianjin Medical University and in accordance with the National Institutes of Health Guide.
Cell viability assay
Cell viability was evaluated using the MTT assay. A thyroid cell suspension (5×10 4 cells/well) was prepared first. The thyroid cell suspension was exposed to KI (100 μM), with or without 30 μM KClO4, 300 μM PTU, and 10 U/L TSH for 2 hours.
The group without KI served as the control group, the well Copyright © 2016 Korean Endocrine Society which contained solely medium was regarded as the blank group. Subsequently, 10 μL MTT (5 mg/mL) was added in the dark and covered with aluminum foil, and incubated at 37°C in an atmosphere containing 5% CO2 and 95% air for 4 hours. After the incubation, the supernatant was removed, and 100 μL dimethyl sulfoxide was added to each well and was shaken for 10 minutes in order to dissolve the formazan crystals that were formed. The values of absorbance were measured by a spectrophotometer at 490 nm (Wallac 1420 VICTOR3, PerkinElmer, Waltham, MA, USA).
LDH release
LDH release in the supernatant following different treatments was measured using a cytotoxicity detection kit. LDH is an oxidoreductase that catalyzes the interconversion of lactate and pyruvate. LDH is a stable cytosolic enzyme found in all cells. It is released swiftly into the cell culture supernatant upon membrane damage. This is completed in order to evaluate the presences of damage or toxicity in the tissues and cells. The LDH assay was conducted by following the manufacturer's protocols. The assay is based on the reduction of the 2-p-iodophenyl-3-nitrophenyl tetrazolium chloride (tetrazolium INT) to a red formazan, which is specifically detected by colorimetric (450 nm) assay. The values of absorbance were measured using a spectrophotometer at 450 nm (Wallac 1420 VICTOR3).
Flow cytometry
Flow cytometry was carried out using a FACScalibur (BD Bioscience, San Jose, CA, USA). A mitochondrial superoxide indicator (MitoSOX Red) was used to measure mitochondrial superoxide production by flow cytometry. A thyroid cell suspension was prepared first. The thyroid cell suspension was then exposed to 100 μM KI, with or without 30 μM KClO4, 300 μM PTU, and 10 U/L TSH for 2 hours. Subsequently, 5 μM Mito-SOX was added and incubated for 10 minutes at 37°C in the dark. Next, the cells were centrifuged, washed with Hank's solution, and then suspended in Hank's solution with 1% bovine serum albumin. The fluorescence intensity of MitoSOX was detected using a FACSCalibur, and the excitation/emission wavelength was 488 nm/575 nm. By collecting FL2 channel forward scattering and lateral scattering data, 10,000 cells were collected for each sample. The control group without MitoSOX was regarded as the blank zero group for standardization.
Statistics
The data was represented as mean±SD. One-way analysis of variance with the least significant difference test was performed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) to determine the differences between the groups. A P value of less than 0.05 was considered to be statistically significant.
RESULTS
PTU regulates KI-induced mitochondrial oxidative stress
Effects of PTU (300 μM) on KI (100 μM) induced mitochondrial superoxide production
Compared to the control group, a significant increase in mitochondrial superoxide production was detected in the KI group in both MT-I/II KO and WT mice (P<0.05); however, no significant differences were detected in the PTU and the KI+PTU groups. Compared to the KI group, a significant decrease in mitochondrial superoxide production was detected in both the PTU groups and the KI+PTU groups for both MT-I/II KO and WT mice (P<0.05). Compared to the WT mice, a strong increase in mitochondrial superoxide production was observed in the KI, PTU, and KI+PTU groups of the MT-I/II KO mice (P<0.05) (Fig. 1A , B) .
Effects of PTU (300 μM) on KI (100 μM) induced LDH release
Compared to the control group, a significant increase in LDH release was detected in the KI group for both MT-I/II KO and WT mice (P<0.05); however, no significant differences were observed in the PTU group and the KI+PTU group (P>0.05). Compared to the KI treatment group, the PTU group and the KI+PTU group exhibited significantly decreased LDH release in both MT-I/II KO and WT mice (P<0.05). A strong increase in LDH release was detected in the KI group for MT-I/II KO mice compared to the WT mice (P<0.05). No significant differences were observed between the MT-I/II KO mice and WT mice in both the PTU group and KI+PTU group (P>0.05) (Fig. 1C) .
Effects of PTU (300 μM) on KI (100 μM) induced relative viability
Compared to the control group, the relative viability of the KI treatment group in both MT-I/II KO and WT mice was significantly decreased (P<0.05), while the PTU and KI+PTU groups showed no significant differences. Compared to the KI group, a significant increase in relative viability was detected in both the PTU and KI+PTU groups for MT-I/II KO and WT mice (P<0.05). Compared to the WT mice, there was a significant decrease in relative viability in the KI treatment group for MT-I/II KO mice (P<0.05), while no significant changes were observed in both the PTU and KI+PTU groups between the MT-I/II KO and WT mice (P>0.05) (Fig. 1D ).
KClO4 modulates KI induced oxidative stress
Effects of KClO4 (30 μM) on KI (100 μM) induced mitochondrial superoxide production
Compared to the control group, a significant increase in mitochondrial superoxide production was detected in the KI group (P<0.05), while no significant differences were observed in the KClO4 and the KI+KClO4 group for both MT-I/II KO and WT mice (P>0.05). Compared to the KI group, a significant decrease in mitochondrial superoxide production was seen in both the KClO4 and KI+KClO4 groups for MT-I/II KO and WT mice (P<0.05). Compared to the WT mice, MT-I/II KO mice exhibited a significant increase in mitochondrial superoxide production in both KI and KI+KClO4 groups (P<0.05) ( Fig.  2A , B).
Effects of KClO4 (30 μM) on KI (100 μM) induced LDH release
Compared to the control group, the LDH release in the KI treatment group was significantly increased in both the MT-I/II KO and WT mice (P<0.05), while no significant differences were observed in KClO4 KClO4 and KI+KClO4 groups between the MT-I/II KO and WT mice (P>0.05) (Fig. 2C) .
Effects of KClO4 (30 μM) on KI (100 μM) induced relative viability
Compared to the control group, the relative viability of the KI group was significantly decreased for both the MT-I/II KO and WT mice (P<0.05), while no significant differences were observed in the KClO4 group or the KI+KClO4 group (P>0.05).
Compared to the KI group, a significant increase in relative viability was detected in the KClO4 and the KI+KClO4 groups for both MT-I/II KO and WT mice (P<0.05). Compared to the WT mice, there was a significant decrease in relative viability in the KI group for MT-I/II KO mice (P<0.05). No significant differences were detected in the KClO4 and KI+KClO4 groups between the MT-I/II KO and WT mice (P>0.05) (Fig. 2D ).
TSH modulates KI induced oxidative stress
Effects of TSH (10 U/L) on KI (100 μM) induced mitochondrial superoxide production
Compared to the control group, a significant increase was detected in the KI group in mitochondrial superoxide production (P<0.05), while no significant differences were detected in the TSH or the KI+TSH group for both MT-I/II KO and WT mice (P>0.05). Compared to the KI group, a significant decrease can be observed in the TSH and KI+TSH group for both MT-I/ II KO and WT mice (P<0.05). Compared to the WT mice, significant increases in mitochondrial superoxide production can be detected in both the KI and TSH groups for MT-I/II KO www.e-enm.org 179 mice (P<0.05). No significant differences were detected between MT-I/II KO and WT mice in the KI+TSH treatment group (P>0.05) (Fig. 3A, B) .
Effects of TSH (10 U/L) on KI (100 μM) induced LDH release
Compared to the control group, a significant increase in LDH release was detected in the KI group (P<0.05), while no significant differences were observed in the TSH treatment group and the KI+TSH treatment group for MT-I/II KO and WT mice (P>0.05). Compared to the KI group, a significant decrease in LDH release was detected in the TSH and KI+TSH groups in both MT-I/II KO and WT mice (P<0.05). Compared to the WT mice, there was a significant increase in LDH release in the KI group for MT-I/II KO mice (P<0.05), while no significant changes were detected in the TSH and KI+TSH groups for MT-I/II KO mice (P>0.05) (Fig. 3C) .
Effects of TSH (10 U/L) on KI (100 μM) induced changes of relative viability
Compared to the control group, a significant decrease in relative viability was detected in the KI group; however, a significant increase was detected in the TSH groups for both MT-I/II KO and WT mice (P<0.05). Compared to the KI treatment group, an increase in relative viability was seen in both the TSH and KI+TSH groups (P<0.05) for both MT-I/II KO and WT mice. Compared to the WT mice, MT-I/II KO mice showed a significant decrease in relative viability in the KI group (P<0.05). MT-I/II KO mice showed no significant (Fig. 3D ).
DISCUSSION
We demonstrated in the present study that PTU, KClO4, and TSH modulate high concentrations of iodide-induced mitochondrial superoxide production in the thyroid cells of MT-I/II KO mice. In addition, MT-I/II exhibited antioxidant effects on high concentrations of iodide-induced mitochondrial superoxide production in the thyroid. Iodide excess is considered an environmental risk factor during thyroid disease development and has been linked to various associated disorders like autoimmune thyroiditis [16] [17] [18] [19] [20] [21] [22] [23] . The imbalance caused by increased oxidative stress due to high concentrations of iodide is an underlying mechanism that is unable to be corrected by endogenous antioxidant systems [3, 15] . In this study, we focused on the effects of PTU, KClO4, and TSH on high concentrations of iodide-induced mitochondrial superoxide production in the thyroid with or without MT-I/II. We have previously demonstrated the concentration-response and time-course response of KI on FRTL cells [15] . A significant iodide stimulatory effect was detected in the 10 -4 M KI and 10 -3 M KI exposure groups following 2 hours of exposure [15, 24] . Our results are in accord with the report that a maximum stimulatory effect on H2O2 production was achieved after 2 hours incubation with 10 -4 M KI in bovine thyroid slices [1] .
Accordingly, for our present study, we chose a concentration of 10 -4 M KI in order to investigate the effects of PTU, KClO4, and TSH on mitochondrial oxidative stress in the thyroids of MT-I/II KO mice. We showed that PTU attenuates mitochondrial superoxide production induced by high concentrations of iodide in both MT-I/II KO and WT mice. After employing 300 μM PTU in this study, there were no significant cytotoxic effects on cell viability in contrast to the control group. These findings are consistent with previous research that 300 μM PTU completed inhibited the morphological change brought about by KI. These cells remained in their original morphology as flat, polygonal, and adherent cells in appearance [25] . TPO is a tissue-specific peroxidase involved in transforming ionic iodide into its molecular form (I2) in the thyroid cell membrane through oxidation [24] . The inhibitory effect of PTU on TPO is evident through the inhibition of TPO and molecular iodine formation in the thyroid [26] . Inhibition of nicotinamide adenine dinucleotide phosphate (NADPH)-dependent H2O2 production is regarded as a probable method of action [27, 28] . Another possible method of action is via inhibition of Ca 2+ /NADPH-dependent H2O2 production in the thyroid [29] . Additionally, PTU is considered to be very adept at scavenging for ROS [30] . Certain cellular injuries such as radiation-induced damage require protection by PTU in the form of reduced apoptotic events and decreased ROS production [31] . As a reliable scavenger for ROS, PTU treatment is very effective for arsenic trioxide toxicity in the livers of rats [32] . Substantial inhibitory effects on superoxide induced reduction of cytochrome c reflected the antioxidant characteristics of PTU. These effects that protect against liver damage are brought about by certain scavenging reactions with hydroxyl radicals, which further demonstrate the antioxidant capabilities of PTU [30] .
Additionally, we found that significantly increased mitochondrial superoxide production induced by high concentrations of iodide can be relieved by KClO4 in both MT-I/II KO and WT mice. KClO4 is a competitive inhibitor of iodide transport. It is also known to interfere with thyroid iodide accumulation and is able to block iodine uptake by the inhibition of NIS at the thyroid follicle [33, 34] . Inhibition of iodide uptake at the NIS by KClO4 was found to be 30 times more potent than that of iodide [35] . KClO4 protects against high concentrations of iodide-induced oxidative stress by not allowing iodide to enter the thyroid. Due to various indications of greater environmental distribution of KClO4 in water, food, and other media, KClO4 is under specific regulation [36] . To prevent goitrogenic effects of KClO4 exposure among persons with insufficient iodine, a modest iodine dietary intake is recommended for those who consume KClO4 in drinking water [37] .
We demonstrated that TSH (10 U/L) decreases KI-mediated mitochondrial superoxide production in both MT-I/II KO and WT mice. This result is in accord with our report regarding FRTL cells [23] . It is known that TSH augments the function of NIS and leads to increased 131 I uptake [38] , which subsequently increases ROS production and reduces cellular viability. In addition, TSH regulates NIS transcription and translation, and modulates NIS activity by a post-transcriptional process [13] . In response to the physiological function of TSH, thyroid cells are continually subject to ROS activity as they are engaged in the production of elevated amounts of H2O2 [14] . However, thyrocytes utilize multiple defense mechanisms specific to ROS, such as TSA and superoxide anion dismutase. TSH is known to activate antioxidant systems and control the TSA gene [14, 23] . Regulation of the transcriptional expression of TSA in thyrocytes is completed by TSH due to its antioxidant [14] . Usually, an elevated concentration of H2O2 induces cellular apoptosis; however, this phenomenon was diminished by the overexpression of TSA. This suggests that constitutive TSA expression is involved in this regulation and that TSHinduced TSA expression plays a pivotal role in removing excess H2O2 during thyroid cellular homeostasis [14] . Moreover, TSH can prevent apoptosis and sustain cell viability by strengthening the cell-matrix adhesion and by assisting cell cycle progression to a certain degree via the cyclic adenosine monophosphate pathway in FRTL-5 cells. Therefore, this suggests that in addition to regulating growth and differentiation, TSH may also function as a mechanism for survival in thyroid cells [39] .
Furthermore, we demonstrated that significant increases in mitochondrial superoxide production and LDH release along with the decrease in relative cell viability of the MT-I/II KO mice displays the protective action of MT-I/II against mitochondrial superoxide production induced by high concentrations of iodide in thyrocytes. We have previously demonstrated that iodide excess in thyroid glands without MT-I/II protection may result in strong mitochondrial oxidative stress, which further leads to the damage of thyrocytes in vivo [40] . This may be explained by the protective effect of MTs against oxidative stress. MTs are derived from a group of proteins that have intracellular, cysteine-rich, and metal-binding characteristics [4, 41] , and they are found in almost every kind of tissue and cell [42] [43] [44] [45] . MTs possess high antioxidant qualities that protect against damage due to ROS production, including exogenous sources such as ionizing radiation, as well as various chemotherapy drugs [42] . Moreover, the upregulation of antioxidant enzymes improves plant stress tolerance by maintaining redox balance and lessens injuries as a result of the damaging effects of ROS production [46] . MTs can be beneficial [39] in a surplus of oxidative events, such as doxorubicin cardiotoxicity, ischemia/reperfusion injury, diabetes, and alcohol administration [47] [48] [49] [50] [51] .
In regard to MTs expression during states of excess iodide, since iodide excess increases oxidative stress [52, 53] , similar degrees of MT expression may be observed in various types of cells, especially thyroid cells, during oxidative stress. Previous studies have exhibited the link between excess iodide exposure and its role in increasing oxidative stress in the rat model [52] . Specifically, high concentrations of KI damaged rat thyroid follicular cells and increased oxidative stress indicators, which demonstrated the effects of oxidative damage caused by varying concentrations of KI [52] . In mice, the MT-I and MT-II genes are highly upregulated in response to oxidative stress [54] . Also, most studies have reported that cells lacking MT-I or MT-II are more sensitive to a wide range of stressors, such as oxidative stress and excess of heavy metals. Santon et al. [55] in their experiments on MT +/+ cells, have shown that MT biosynthesis is readily induced by Cd treatment, with a concomitant decrease in sensitivity to injury by ROS. Inoue et al. [56] suggested that MT demonstrates strong antioxidant properties. MT protein levels in rodent liver and mRNA levels in hepatic cell lines are increased following injection with compounds that result in free radical formation, such as carbon tetrachloride, menadione, or paraquat. An injection of ferric nitrilotriacetate, which produces ROS, induces transcription of MT in the liver and kidney. These findings suggest that MT plays a key role in oxidative stress. Consistent with this, MT is able to scavenge a wide range of ROS including superoxide, H2O2, hydroxyl radicals, and nitric oxide [56] . Higashimoto et al. [57] also showed that MT plays a preventive role by acting as an antioxidant along with a decrease in glutathione by repeated stress, and that MT may be an essential factor for inducing carnitine under stress. Hu et al. [58] reported that the cardiac-specific overexpression of MT rescues nicotine exposure-induced cardiac contractile dysfunction and fibrosis possibly through the inhibition of ROS accumulation and apoptosis. Ruiz-Riol et al. [59] also reported MTs are small proteins induced by tissue stress that can contribute to the restoration of homeostasis in tissue inflammation, and it was found to be increased in a transcriptomic analysis of Graves disease (GD) glands, which shows that overexpression of MT-I/II is a new feature of thyroid follicular cells in GD. Moreover, Zhou et al. [60] suggested that chronic intermittent hypoxia may lead to aortic damages characterized by oxidative stress and inflammation, and MTs may play a pivotal role in the above pathogenesis. Yang et al. [61] suggested that MTs protect against endoplasmic reticulum stress-induced cardiac anomalies possibly through the attenuation of cardiac autophagy. Similarly, in our previous study, we have reported that iodide excess in a thyroid without MT-I/II protection may result in strong mitochondrial oxidative stress, which further leads to the damage of thyrocytes [40] .
In conclusion, our study provides evidence that MT-I/II display its antioxidant effects in high concentrations of iodide-induced oxidative stress in the thyroid. These 300 µM PTU, 30 µM KClO4, or 10 U/L TSH relieve the oxidative stress induced by high concentrations of iodide (10 
